Abstract -This paper presents a novel electro-thermal microgripper based on integrated silicon-polymer laterally stacked microactuators. The device consists of a serpentineshape deep silicon structure with a thin film aluminum heater on the top and filling polymer in the trenches among the vertical silicon parts. The fabrication is based on deep reactive ion etching of silicon, aluminum sputtering and SU8 filling. The actuator is 500 pm long, 65 pm wide and 50 pm high. The microgripper generates a large motion up to 52 pm at a driving voltage of only 2 V and with a power consumption of 50 mW. The maximum working temperature is 164°C at 2 V.
INTRODUCTION
The development of microtools for handling and manipulating particles or small components has become a great technological challenge. There is a high demand for microgrippers with a large motion grasping force. Microgrippers based on polymer and silicon are particularly interesting for single cell manipulation and positioning, cell separation, minimally invasive and living cells surgery, microrobotics and microassembly.
Various microactuators such as piezoelectric [ 1, 2] , electrostatic [3] , and electro-thermal [4, 5, 6, 7] are developed using MEMS technology for microgripper applications. Generally, electro-thermal actuators are preferred as they require lower driving voltages. Especially the polymeric electro-thermal microgrippers have been widely investigated as they are capable of producing larger displacements at a lower driving voltage and operating temperature [5, 6, 7] . However, most of the developed polymeric microgrippers employ two-material structures. The metal heater is deposited on the top of a high thermal expansion coefficient polymer layer. The structures are bent when heated. The interface between the heat source and the polymer layer is rather limited by the surface area of the metal layer and the heat transfer along the vertical dimension is not effective. Since the polymer layers have low thermal conductivity, the reported structures [5, 6] [5, 6] .
This paper presents novel electro-thermal integrated silicon-polymer laterally stacked microactuators. The device is based on a three-material composite: a metal heating layer, a silicon structure as frame and heat conducting environment and a polymer with a high thermal expansion efficient (CTE). During actuation, heat is efficiently transferred from the heater to the polymer by employing the high thermal conduction of the deep silicon serpentine structures that have a large interface with the surrounding polymer. This design overcomes the above mentioned weaknesses of the other designs and it boasts a large lateral jaw movement with a low coupled vertical motion. The device is made on regular silicon wafers with a fabrication process compatible with CMOS technology. Moreover, a sensing microgripper can be fabricated by combining this structure with a lateral force sensing cantilever [8] . Sensing microgrippers are required in assays where feedback force is needed.
II. DESIGN
To realize the proposed device SU8-2002 polymer has been selected. This is an epoxy-type photo-patternable polymer with a large coefficient of thermal expansion (CTE) of 52 ppm/°C [9] , a Young's modulus of 4.95 GPa [10] and glass transition temperature above 200°C [9] . Moreover, Ref. 11 shows that SU8 is a good biocompatible material. These properties make SU8 a suitable material for electrothermal microactuators, especially for building tools for biomedical research. [5, 6] , the efficient distribution of the heat to the polymer occurs through the large interface areas between the silicon structure and the polymer. Consequently, the stacks expand along the lateral direction. The unimorph actuators are constructed by combining the constrained polymer stack and the bone cantilever (see Fig.  la ). When a voltage is applied to the heater the polymer stacks expand along the lateral direction while the length of the silicon bone is not changed. Hence, the unimorph actuators bend.
III. FABRICATION
The electro-thermal integrated silicon-polymer laterally stacked microgripper is fabricated using a three-mask process. It can be divided in four major parts as schematically shown in Fig. 2 .
The substrate is a p-type Si wafer on which a LPCVD silicon nitride layer is deposited as the back side masking layer for the anisotropic wet etching of the silicon bulk. On the wafer front side a 600 nm thick aluminum and a 2 ptm thick PECVD silicon oxide are deposited and patterned by reactive ions etching (RIE) to define the serpentine aluminum heaters (see Fig. 2a ).
In Fig. 2b , the 50 ptm deep silicon trenches are created by deep reactive ion etching. Due to the characteristics of the deep RIE, i.e. the etch rate is faster on larger windows than smaller ones, the outside areas are deeper than the small trenches (see Fig. 2b and Fig. 3a) . Then the silicon oxide mask layer is removed in buffered hydrofluoric acid solution (BUF 1:7).
Negative photosensitive SU8-2002 polymer is applied on the substrate and after waiting for 5 minutes to allow the polymer to sink into the trenches, the wafer is spun at 400 rpm for 30 seconds. The samples are pre-baked on a temperature controlled hotplate. The hotplate is ramped from room temperature to 65°C and 95°C and then cooled at constant rate to room temperature, as indicated in Fig. 4 . The exposure is done by using a Karl Suss MA6 contact aligner [12] for 60 seconds. The post-bake procedure, also indicated in Fig. 4 , is followed by a relaxation step at room temperature for 30 minutes. The resist is developed in SU8 developer for 15 minutes without mechanical oscillation aid flows to prevent deformation or debonding during development (see Fig. 2c and Fig. 3b) . 1-4244-0376-6/06/$20.00 }2006 IEEE Finally, the bulk silicon is etched from the back side in a 33 wt% KOH solution at 85°C until the thickness of the membrane outside the microgripper structures is about 10 ptm (see Fig. 2d ). The front side of the wafer is protected during the etching in KOH by a vacuum holder. The last step is the release of the structure by dry etching the remaining silicon layer from the backside (see Fig. 2e ). increased (see Fig. 6e and 6f ). These pictures show that the generated force ofthe microgripper is strong enough to break the silicon tip. Fig. 7 shows the movement of the microgripper jaws versus the applied voltage in air. This measured movement is the total change between the two microgripper jaws positions when both arms are activated. A maximum movement of 26 pm for one jaw is measured at a 2 V applied voltage. In principle a total change between jaws up to 52 ptm at 2 V could be obtained. However, in the design presented here, the initial gap between the two jaws is 40 ptm and the jaws are broken when applying 2 V to both arms. Thus the effective range ofmovement ofthis system is 40 ptm. microgripper jaws when applying 1.25 V to both arms; d) microgripper jaws when applying 1.8 V to both arms, the distance between two jaws is zero; e) the jaws are broken when applying 2 V to both arms; f) the broken jaws when the voltage is switched off Figure 5 . SEM pictures of the fabricated electro-thermal integrated silicon-polymer laterally stacked microgripper.
The structures are measured by using the Cascade microtech probe station [13] with built-in microscope component. Static displacement of the microgripper, activated by a DC voltage, is measured under an optical microscope. Fig. 6 shows images of some typical positions of the microgripper jaws. The microgripper is controlled by employing two DC voltages (see Fig. 6a ). The power consumption is calculated through the applied voltage and the corresponding current. Fig. 8 shows the jaw movement versus the power consumption of the microgripper. The linear fitting line indicates that the device needs about 1 mW for a 1 pm movement.
The working temperature ofthe actuator is determined by monitoring the change of the resistance of the aluminum heater. Fig. 8 also shows 
